Renewable energy is expected to play a significant role in power generation. The European Union, the USA, China, and others, are striving to limit the use of energy crop for energy production and to increase the use of crop residue both on the field and for energy generation processes. Therefore, crop residue may become a major energy source, with Ukraine following this course. Currently in Ukraine, renewable power generation does not exceed 10% of total electricity production. Despite a highly developed agriculture sector, there are only a small number of biomass power plants which burn crop residues. To identify possibilities for renewable power generation, the quantity of crop residues, their energy potential, and potential electricity generation were appraised. Cluster analysis was used to identify regions with the highest electricity consumption and crop residue energy potential. The major crops (wheat, barley, rapeseed, sunflower, and soybean) were considered in this study. A national production of crop residue for energy production of 48.66 million tons was estimated for 2018. The availability of crop residues was analyzed taking into account the harvest, residue-to-crop ratio, and residue removal rate. The crop residue energy potential of Ukraine has been estimated at 774.46 PJ. Power generation technologies have been analyzed. This study clearly shows that crop residue may generate between 27 and 108 billion kWh of power. We have selected preferable regions for setting up crop residue power plants. The results may be useful for the development of energy policy and helpful for investors in considering power generation projects.
Introduction
Ukrainian power plants annually generate more than 150 billion kWh. Approximately 37.8% of electricity is produced from fossil fuels (coal and natural gas) [1] . In 2018, Ukrainian thermal power plants consumed 26.22 million tons of coal [2] . To reduce greenhouse gas (GHG) emissions [1, [4] [5] [6] ).
Large scale biofuel production from edible crops (corn, rapeseed, soybean, sugar beet) may have a negative impact on food supply and its prices, soil erosion, and biodiversity [7] . Indeed, agricultural crop residue may be an environmentally and food friendly source of renewable energy [8] . European Union policy is currently aimed at reducing the use of crops and increasing the use of agricultural residue as feedstock for biofuel production [9] . Therefore, the availability of biomass for energy and material production is an important question for the development of energy policy. There are a number of studies discussing the agricultural crop residue energy potential available in the world, including at separate country and regional levels. Bioenergy is in the spotlight for researchers.
Most earlier studies were focused on energy potential, conversion technologies, or existing problems (environmental, financial, and political) of bioenergy [10, 11] . Gao et al. studied the spatial distribution and total biomass potential for energy production in China [12] . Bentsen et al. provided estimates of agricultural residue production on a global scale. Its geographic variation in 227 countries was revealed [13] . Ren et al. reviewed wheat straw utilization issues on a global scale and a national level (China). They analyzed utilization technologies and their commercialization, benefits, and barriers. Their study revealed that straw utilization technologies are currently becoming profitable and straw utilization results in fossil fuels saving and reducing hazardous emissions, especially greenhouse gases [14] . Some studies assessed the bioenergy potential at local levels [15] . The utilization of biomass residue for power generation was studied in some countries. The availability of biomass and its potential disadvantages were revealed [16, 17] . In addition to agricultural waste, agrifood industry waste was the subject of research for the production of energy resources [18, 19] .
There are a number of studies devoted to the analysis of power generation from solid biomass in Ukraine. State-of-the-art of electricity production and choosing steam turbines for combustion based biomass combined heat and power (CHP) plants were carried out by Geletukha et al. [20] . However, a combustion based technology is only one of the main existing technologies. Fedorchenko [21] and Melnychenko [22] used cluster analysis to evaluate the energy potential in the regions of Ukraine. In addition, Fedorchenko [21] focused on energy crops (corn and rapeseed) for biofuel production and Melnychenko [22] analyzed field-based crop residues. However, a number [1, [4] [5] [6] ).
There are a number of studies devoted to the analysis of power generation from solid biomass in Ukraine. State-of-the-art of electricity production and choosing steam turbines for combustion based biomass combined heat and power (CHP) plants were carried out by Geletukha et al. [20] . However, a combustion based technology is only one of the main existing technologies. Fedorchenko [21] and Melnychenko [22] used cluster analysis to evaluate the energy potential in the regions of Ukraine. In addition, Fedorchenko [21] focused on energy crops (corn and rapeseed) for biofuel production and Melnychenko [22] analyzed field-based crop residues. However, a number of the other crops (soybean, rapeseed, etc.) were left out along with any discussion on process-based crop residues and the residue removal rate. Moreover, the aforementioned studies only focused on a single region of the country.
Zvorykin et al. [23] studied the status and future developments of electricity generation in Ukraine. The development of power generation and existing barriers were studied too [24] . To evaluate the efficiency of alternative energy resources, mathematical models have been widely used [25, 26] .
All in all, the previous studies did not examine the potential for power generation from crop residue in Ukraine in a systematic manner. Specifically, the following limitations apply to the earlier research: only extant major power generation technology was considered (i.e., direct biomass combustion); availability of major crop residues, including field-based resources, was ignored (e.g., sunflower stalk and soybean straw); also, process-based resources were neglected (e.g., sunflower husk). Therefore, further comprehensive analysis is needed to estimate the available crop residues (based on current agricultural practice) and power generation technologies. In order to assess the potential of agricultural crop residue for power generation, this study focuses on: (i) the quantity of agricultural crop residue; (ii) their geographical locations; (iii) analysis of technologies for biomass energy transformation into electricity; (iv) potential power generation.
Literature Review on Biomass Energy
There are four main pathways for crop residue utilization ( Figure 2 ). Straw burning is still a common practice in some developing countries. A proportion of crop residue is stored at landfills. An alternative is to return crop residue to fields as a fertilizer and to prevent soil erosion. Straw is used for livestock bedding and housing too [14] .
Agricultural crop residue can be converted into electricity. Thermochemical, methanation, and fermentation processes can be used to obtain fuels [27] [28] [29] . The thermochemical process is the most common. The fuels can be used in boilers (combustion based crop residue power plants), internal combustion engines (ICE), gas turbine engines, and fuel cells. Biomass co-firing with fossil fuels is an alternative to direct biomass burning. It has a number of advantages over direct biomass power plants: minimal investment costs and higher efficiency [16] (Figure 3 ).
Crop biomass can have a high mineral content. That is why its combustion results in combustion problems [3] . To improve the quality of crop residue, different technologies are used, including gasification, pyrolysis, and liquefaction. Agricultural crop residue can be converted into electricity. Thermochemical, methanation, and fermentation processes can be used to obtain fuels [27] [28] [29] . The thermochemical process is the most common. The fuels can be used in boilers (combustion based crop residue power plants), internal combustion engines (ICE), gas turbine engines, and fuel cells. Biomass co-firing with fossil fuels is an alternative to direct biomass burning. It has a number of advantages over direct biomass power plants: minimal investment costs and higher efficiency [16] (Figure 3 ).
Crop biomass can have a high mineral content. That is why its combustion results in combustion problems [3] . To improve the quality of crop residue, different technologies are used, including gasification, pyrolysis, and liquefaction.
Being able to run at full load without unplanned outages and governmental subsidies would indicate the economic viability of straw utilization projects [30] . The above technologies have different efficiency and maturity levels. Being able to run at full load without unplanned outages and governmental subsidies would indicate the economic viability of straw utilization projects [30] . The above technologies have different efficiency and maturity levels.
Combustion-Based Biomass Generation Plants
The electric efficiency of straw-based power and CHP plants depend on their capacity ( Figure  4 ) [31, 32] and ranges from 18% to 32%. This technology is widespread. 
Gasification-and Pyrolysis-Based Biomass Power Generation Plants
The atmospheric oxidation and pyrolysis gasification technologies are mature for household supply. However, a number of technological problems and high investment costs hinder their commercial development [33] . Their electric efficiency ranges from 10% to 33% [33] [34] [35] [36] . Their energy conversion factor ranges from 0.5 to 0.8 [34, 37] . According to experts' recommendations, gasification based crop residue technologies are preferable if their electrical power production is less than 2 MW [38] . Therefore, this technology is not widespread and still in the early commercial stages. Pyrolysis technology for power generation is currently not at a mature commercial stage [39] .
The Polohy oil extraction plant PJSC (Zaporizhya, Ukraine) has experience in utilizing residue (sunflower husk) gasification technology. However, this technology proved to be economically infeasible. Therefore, the plant abandoned this technology and currently uses direct burning of biomass. 
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Gasification-and Pyrolysis-Based Biomass Power Generation Plants
The Polohy oil extraction plant PJSC (Zaporizhya, Ukraine) has experience in utilizing residue (sunflower husk) gasification technology. However, this technology proved to be economically infeasible. Therefore, the plant abandoned this technology and currently uses direct burning of biomass.
Biogas-Based Power Generation Plants
Internal combustion engine (ICE) generators are more efficient than steam turbine generators. However, ICE generator need liquid or gaseous fuels (biogas, syngas, etc.), whereas steam turbine power plants can use all types of fuels. ICE generators' electrical efficiency reaches 50% [40] [41] [42] , whereas combustion based biomass steam turbine power plants have an efficiency of under 35% [31, 32] . Therefore, it is appropriate to study biogas production. Straw may be used as substrate for biogas production. Cereal straw is considered to be a promising feedstock for biogas production in the European Union [27] . The methane yield ranges from 242 to 324 m 3 /t [43] . Sukhesh, M. J., and Rao, P. V. summarized the following information: a yield of 125 to 380 m 3 /t for wheat straw, and a yield of-165 to 383 m 3 /t for corn stalk [44] . Straw has a high methane yield. However, straw is rarely used for biogas production due to the fact that it requires pre-treatment.
The energy conversion factor for biogas production varies from 0.38 to 0.88, while direct burning (conversion into heat) provides the opportunity to reach an efficiency of up to 0.9.
There have been demonstration projects in some countries such as Germany, China, and France [45] . Since 2005, the Chinese government has supported straw biogas plants [46] . Some of these demonstration projects are presented in Table 1 . To convert biogas into electricity gas turbine engines, fuel cells, spark-ignition engines, and dual-fuel engines can be used. Internal combustion engines are currently widely used to convert biogas into electricity. In fact, in the European Union, biogas plants use spark-ignition engines (50%), and dual-fuel internal combustion engines (50%). Fuel cells and gas turbine engines are rarely used. The electrical efficiency of ICE is in a range between 34% and 48.7% (the capacity ranges from 100 kW to kW) [40, 41] .
There are technologies to enhance the above indicator. These are turbo-compound, electric turbo-compound, thermoelectric generator, and organic Rankine cycle (ORC) [42, 51] . However, ORC is the most promising technology [52] . It can increase the obtainable power by 5% to 19% [40, 42, 51] . This means that the total potential power generation efficiency ranges from 12.9% to 50.2%.
In 2015, the total biogas production in Ukraine exceeded 600 TJ [53] . Installed electric capacity of biogas plants is increasing. The electrical production capacity rose by up to 70 MW [54] . Domestic and foreign practices related to biogas technology stimulate Ukrainian businesses to employ it further. Finish and German investors plan to build straw biogas plants in the Khmelnytsky and Vinnitsa regions [55] .
Ethanol Based Crop Residue Power Generation Plants
Crop residue including straw can be converted into ethanol. Commercial projects have been realized in some countries such as Italy, Brazil, the USA, etc. [56] . Some examples of these plants are presented in Table 2 . For straw, the ethanol energy conversion factor ranges from 0.24 to 0.32. Ethanol can be used for power generation in ICE or fuel cells. The efficiency of ICE can reach 40%. The same value for fuel cells is up to 50% [33] [34] [35] [36] . Due to relatively high production costs, it is fuel cells can be used for vehicle fuel, but are unprofitable for power generation.
Materials and Methods
Data Collection
The data for analysis was collected from the State Statistical Service of Ukraine. They included information about crop production, electricity generation, and energy consumption. The data of crop and residue production was presented in tons. Energy potential was expressed in PJ (1 PJ = 10 15 J = 0.6 tons of oil equivalent) and power generation is presented in kWh.
Available Crop Residues
Crop yields used in this study were estimated for an 11-year period (from 2007 to 2018) based on official statistical reports. Residue quantity was calculated based on the weight of harvested crop and Residue to Crop Ratio (RCR). Six major crops were included in this study: wheat, barley, corn, sunflower, rapeseed, and soybean. Residue production was calculated as
where Mo i is the harvest weight of i th crop, t; RCP i is the Residue to Crop Ratio of i th crop; i is the crop number. If crop yields are available in Statistical Yearbooks, that information about residue yields is limited. To estimate quantity of the agricultural crop residue, the residue-to-crop ratio should be used. According to reports, there can be a wide variation of this ratio. This information from a number of studies was summarized by Scarlat et al. [64] , Bentsen et al. [13] , Cardoen et al. [65] , and Geletukha et al. [66] . The residue-to-crop ratios are in a wide range: wheat is from 0.8 to 1.8; barley is from 0.9 to 1.8; corn is from 0.8 to 2; sunflower is from 1 to 3; rapeseed is from 1.1 to 1.7; soybean is from 1.4 to 3.4. In this study, we assumed the average values for conditions of Ukraine: 1.275 for wheat at; 1.175 for barley; 1.375 for corn; 1.775 for sunflower; 1.4 for rapeseed-; 1.82 for soybean-.
The residue removal rate (for field-based residue) depends on a number of factors. According to the data reported, it ranges from 15% to 82% [64, [66] [67] [68] [69] . For Ukraine, general recommendations on the share of crop residue for bioenergy have been developed. The removal rate for agricultural crop residue (from the theoretical potential harvest) was taken from different research and used for our calculations: 30% for wheat and barley; 40% for corn, rapeseed, sunflower, and soybean- [66] . Most of the residue (except of sunflower husk) is field-based (crop residue).
Energy and Power Generation Potential
Moreover, sunflower husk utilization was studied. Energy potential was calculated by the following formula
where LHVr i is the lower heating value of i th crop residue, MJ/kg. To convert energy potential into potential power generation, we multiplied the electricity efficiency of a power plant by the conversion factor that equals 1/3.6 kWh/MJ. Therefore, potential power generation was calculated as
where EP is the energy potential of biomass, PJ; η e is the electricity efficiency of power generation. The energy conversion factor (residue to biogas, syngas, ethanol, etc.) is equal to
where V DF is the volume of derived fuel (ethanol, biomethane, etc.) from crop residue, m 3 /kg; LHV DF is the lower heating value of the derived fuel, MJ/m 3 ; LHV R is the lower heating value of crop residue, MJ/kg.
Data Analysis
The general data processing is as follows: assessment of the selected crop harvest; finding the residue-to-crop ratios; determining the quantity of the residue; calculation of energy potential and power generation potential; cluster analysis of crop production, residue production and electricity consumption. To determine groups of regions, taxonomic analysis with Ward's hierarchical clustering method was applied.
The cluster analysis was carried out using Statistica software. The 24 regions of Ukraine were grouped into clusters. Descriptive statistics of energy potential and crop production for each cluster were calculated.
Results
Electricity Consumption
Firstly, electricity consumption across the regions was analyzed. A cluster analysis was carried out by using the statistical data [4] . It resulted in five clusters ( Figure 5 ). Each cluster includes between 1 and 15 regions (Table 3) . For better visualization, the above-mentioned clusters for electricity consumption are plotted on a map of Ukraine ( Figure 6 ). 
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Firstly, electricity consumption across the regions was analyzed. A cluster analysis was carried out by using the statistical data [4] . It resulted in five clusters ( Figure 5 ). Each cluster includes between 1 and 15 regions (Table 3) . For better visualization, the above-mentioned clusters for electricity consumption are plotted on a map of Ukraine ( Figure 6 ). The largest consumers of electricity are the Dnipropetrovsk, Donetsk, and Kyiv regions. They used more than 44% of the total national electricity production. It is the result of highly developed industry.
Crop Residue Availability for Power Generation
Agricultural crop residue can be divided into two groups: field and processed. The field residues are straw, stalks, stubble, seed pods, etc. The processed residue from the crop is sunflower husk. In this paper, six crops were selected (Figure 7) . Their yields, areas, and properties were studied.
The total area of arable land was 26,951 thousand ha in 2010. By 2018 its area had increased 27,699 to thousand ha. Since 2010, the share of the above crops has increased from 75.02% to 81.25% (Figure 8 ). The largest consumers of electricity are the Dnipropetrovsk, Donetsk, and Kyiv regions. They used more than 44% of the total national electricity production. It is the result of highly developed industry.
Agricultural crop residue can be divided into two groups: field and processed. The field residues are straw, stalks, stubble, seed pods, etc. The processed residue from the crop is sunflower husk. In this paper, six crops were selected (Figure 7) . Their yields, areas, and properties were studied. The largest consumers of electricity are the Dnipropetrovsk, Donetsk, and Kyiv regions. They used more than 44% of the total national electricity production. It is the result of highly developed industry.
The total area of arable land was 26,951 thousand ha in 2010. By 2018 its area had increased 27,699 to thousand ha. Since 2010, the share of the above crops has increased from 75.02% to 81.25% (Figure 8 ). The total area of arable land was 26,951 thousand ha in 2010. By 2018 its area had increased 27,699 to thousand ha. Since 2010, the share of the above crops has increased from 75.02% to 81.25% (Figure 8 ). There has been a rise in the crop production ( Figure 9 ). The total quantity of crops harvested ranged from 41.51 to 96.45 million tons. Average, minimum, and maximum crop harvests for recent 11 years are presented in Table 4 . (Figure 10 ). This residue is in the following distribution percentages: 19.34% for wheat straw; 5.32% for barley straw; There has been a rise in the crop production ( Figure 9 ). The total quantity of crops harvested ranged from 41.51 to 96.45 million tons. Average, minimum, and maximum crop harvests for recent 11 years are presented in Table 4 . There has been a rise in the crop production ( Figure 9 ). The total quantity of crops harvested ranged from 41.51 to 96.45 million tons. Average, minimum, and maximum crop harvests for recent 11 years are presented in Table 4 . (Figure 10 ). This residue is in the following distribution percentages: 19.34% for wheat straw; 5.32% for barley straw; The residue available for energy production is around 48.66 million tons ( Figure 10 ). This residue is in the following distribution percentages: 19.34% for wheat straw; 5.32% for barley straw; 40.46% for corn stalk-; 25.03% for sunflower stalk-; 3.17% for rapeseed straw-; 6.67% for soybean straw. As can be seen, corn stalk, wheat straw, and sunflower residue (stalk and husk) provides around 41.28 million tons or 84.84% of the total crop residue.
Sustainability 2019, 11, x FOR PEER REVIEW 11 of 21 40 .46% for corn stalk-; 25.03% for sunflower stalk-; 3.17% for rapeseed straw-; 6.67% for soybean straw. As can be seen, corn stalk, wheat straw, and sunflower residue (stalk and husk) provides around 41.28 million tons or 84.84% of the total crop residue. To evaluate the energy potential, lower heating values of biomass feedstock were used. Properties of the crop residue studied are presented in Table 5 . Our study has selected five clusters ( Figure 11 ). Each cluster includes 1 to 9 regions (Table 6 ). Energy potential for selected clusters (average, minimum energy potential of a certain region of the cluster, and maximum energy potential of a certain region of the cluster) are listed in Table 7 . The Vinnitsa and Poltava regions have the highest energy potential. They totaled 133.48 PJ or 17.23% of the total country value. The total energy potential is equal to 774.46 PJ. The average energy potential of one region of Ukraine is 32.27 PJ. The energy potential of two clusters (C and D) was lower than the average national value ( Table 7 ). The locations of these clusters are illustrated in Figure 12 . To evaluate the energy potential, lower heating values of biomass feedstock were used. Properties of the crop residue studied are presented in Table 5 . Our study has selected five clusters ( Figure 11 ). Each cluster includes 1 to 9 regions (Table 6 ). Energy potential for selected clusters (average, minimum energy potential of a certain region of the cluster, and maximum energy potential of a certain region of the cluster) are listed in Table 7 . The Vinnitsa and Poltava regions have the highest energy potential. They totaled 133.48 PJ or 17.23% of the total country value. The total energy potential is equal to 774.46 PJ. The average energy potential of one region of Ukraine is 32.27 PJ. The energy potential of two clusters (C and D) was lower than the average national value ( Table 7 ). The locations of these clusters are illustrated in Figure 12 . Crop residue is spatially scattered. Therefore, to reduce the transportation cost of biomass feedstock, the locations of power plants have to be optimized. That is why the geographical information of bioenergy feedstock is useful for evaluating the optimal arrangement of new crop residue based power plants. The average national density of energy potential is equal to 13.45 PJ per million hectares. Vinnitsa and Poltava regions have the best results ( Figure 13 ). In these calculations, the official areas of regions were used [74] . 
Status and Potential Power Generation in Ukraine
There are about 70 boilers using sunflower husk and straw for heat production. Among biomass power generation plants, there are only a few which use crop residue. These projects use combustion based power and CHP plants. Each plant consists of biomass boilers and a steam turbine for power generation. Their installed power is 12.7 MWe (Table 8 ). Crop residue is spatially scattered. Therefore, to reduce the transportation cost of biomass feedstock, the locations of power plants have to be optimized. That is why the geographical information of bioenergy feedstock is useful for evaluating the optimal arrangement of new crop residue based power plants. The average national density of energy potential is equal to 13.45 PJ per million hectares. Vinnitsa and Poltava regions have the best results ( Figure 13 ). In these calculations, the official areas of regions were used [74] . Crop residue is spatially scattered. Therefore, to reduce the transportation cost of biomass feedstock, the locations of power plants have to be optimized. That is why the geographical information of bioenergy feedstock is useful for evaluating the optimal arrangement of new crop residue based power plants. The average national density of energy potential is equal to 13.45 PJ per million hectares. Vinnitsa and Poltava regions have the best results ( Figure 13 ). In these calculations, the official areas of regions were used [74] . 
There are about 70 boilers using sunflower husk and straw for heat production. Among biomass power generation plants, there are only a few which use crop residue. These projects use combustion based power and CHP plants. Each plant consists of biomass boilers and a steam turbine for power generation. Their installed power is 12.7 MWe (Table 8 ). 
There are about 70 boilers using sunflower husk and straw for heat production. Among biomass power generation plants, there are only a few which use crop residue. These projects use combustion based power and CHP plants. Each plant consists of biomass boilers and a steam turbine for power generation. Their installed power is 12.7 MWe (Table 8 ). According to our estimation, the electricity generation from agricultural residue has a potential which ranges from 27.75 to 107.99 billion kWh ( Figure 14) or from 17.4% to 67.8% of the national generation in 2018. Therefore, the potential of the installed power of crop residue power plants may vary from 4.6 to 18 thousand MW (depending on the technology applied). Ukraine uses less than 0.3% of available opportunities. According to our estimation, the electricity generation from agricultural residue has a potential which ranges from 27.75 to 107.99 billion kWh ( Figure 14) or from 17.4% to 67.8% of the national generation in 2018. Therefore, the potential of the installed power of crop residue power plants may vary from 4.6 to 18 thousand MW (depending on the technology applied). Ukraine uses less than 0.3% of available opportunities. Decentralized crop residue power generation may cover regional electricity requirements. This solution does not substitute for grid electricity, but it is an integral part of the national grid. We then analyzed how a decentralized agro-residue energy solution can meet regional requirements. In our calculations, we assumed that the electric efficiency of combustion based biomass (crop residue) power plants is 30%. This technology was chosen because it is mature and well known in Ukraine. We determined the ratio of potential electricity generation to regional consumption of electricity. The calculations showed that 13 regions (including Vinnitsa and Poltava) can meet their own requirements in electricity by using combustion based biomass (crop residue) power plants ( Figure  15 ). This means biomass power generation technology is promising and should be developed.
The dendrogram of potential self-sufficiency in crop residues for power generation was cut out at 40 (Figure 16 ). Regions were grouped into five clusters (Table 9 ) and their group averages, minimum, and maximum (Table 10 ). Decentralized crop residue power generation may cover regional electricity requirements. This solution does not substitute for grid electricity, but it is an integral part of the national grid. We then analyzed how a decentralized agro-residue energy solution can meet regional requirements. In our calculations, we assumed that the electric efficiency of combustion based biomass (crop residue) power plants is 30%. This technology was chosen because it is mature and well known in Ukraine. We determined the ratio of potential electricity generation to regional consumption of electricity. The calculations showed that 13 regions (including Vinnitsa and Poltava) can meet their own requirements in electricity by using combustion based biomass (crop residue) power plants ( Figure 15 ). This means biomass power generation technology is promising and should be developed.
The dendrogram of potential self-sufficiency in crop residues for power generation was cut out at 40 (Figure 16 ). Regions were grouped into five clusters (Table 9 ) and their group averages, minimum, and maximum (Table 10 ). Sustainability 2019, 11, x FOR PEER REVIEW 15 of 21 Figure 15 . Ratio of potential electricity generation to regional consumption of electricity. Figure 16 . Dendrogram of potential self-sufficiency in crop residues for power generation. Groups D and E consist only of one region. They stand out in comparison with the other groups. The regions of group C cannot meet their own requirements for electricity using biomass power plants. Six regions (Chernigiv, Cherkasy, Ternopil, Sumy, and Vinnitsa) have more than double the reserves of crop residues needed for power generation. Taking into account the fluctuation of crop harvest (Figure 7 and Table 2), the above regions have minimal risk in the feedstock supply. Therefore, they must prioritize the implementation of biomass power plants.
Conclusions
Electricity consumption is distributed unevenly in Ukraine. The Dnipropetrovsk, Donetsk, and Kyiv regions consume 44% of total national electricity production. This poses certain challenges for development of the renewable energy sector in Ukraine.
Ukraine has abundant agricultural crop residue energy resources. Our results showed that the country annually generates up to 128.47 million tons of agricultural crop residues. Indeed, 48.66 million tons of residues may be used for energy production. Corn and sunflower stalks represent 65% of the total crop residues. In 2018, their energy potential was 774.46 PJ, which could be used for power generation.
Using cluster analysis, we identified five groups of regions. The energy potential of Vinnitsa and Poltava regions is 133.8 PJ, or 17.2% of the total national energy potential. They are preferable for setting up crop residue power plants. Regions with high electricity consumption do not have enough crop residue potential to meet their own requirements for electricity.
Power generation potential of crop residues is up to 108 billion kWh. This value is 67.8% of current national power generation. Thirteen regions have enough crop residues to satisfy their own needs in electricity. Combustion based biomass power plants can generate from 38 to 68 billion kWh power per annum. To increase electricity generation, methanation technology should be developed.
The results provide a scientific foundation for the development of biomass electricity policy in Ukraine. They may be helpful for creating autonomous power generation zones. The results can support policymakers and investors in their decisions. The advantages of biomass power plants are the following: the reduction of GHG emissions; job creation; strengthening the energy security of Ukraine; the utilization of crop residues; the reduction of fossil fuel consumption; increasing farmers' income. Meanwhile, there are a number of risks [76] [77] [78] such as significant harvest fluctuations, which may negatively affect the reliability of feedstock supply for electricity generation; increasing biomass feedstock prices; logistics problems. Finding possible solutions is the goal for further research. 
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